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Abstract Adsorption of electrolyte ions on metal oxides
significantly affects the interfacial charge distribution. The
general procedure for the prediction of surface charge on ox-
ides in salt solutions was given by Sverjensky for the 2-pK
Triple Layer Model (2-pK TLM) (Sverjensky, Geochim.
Cosmochim. Acta 69:225–257, 2005). Based on his para-
meters values and by assuming parameters transferability
(Piasecki, J. Colloid Interface Sci. 302:389–395, 2006) we
have predicted the adsorption constants for three monova-
lent ions (Rb+, F−, Br−) for eight oxides within the frame-
work of the 1-pK Triple Layer Model (1-pK TLM). The ob-
tained parameters values along with the previously reported
ones (Piasecki, J. Colloid Interface Sci. 302:389–395, 2006)
allowed us to compare the adsorption affinities of alkali
metal cations and halide anions, and construct the follow-
ing Hofmeister series for the cations (Cs+ ≈ Rb+ ≈ K+ <
Na+ < Li+) and for the anions (F−  Cl− ≈ Br− < I−)
for investigated oxides. The same lyotropic series was pre-
dicted by the 2-pK TLM. It indicates that Hofmeister series
is invariable during parameter transfer between surface com-
plexation models.
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1 Introduction
Metal (hydr)oxides, silica and water are the major compo-
nents of the Earth’s crust. The oxide/aqueous solution in-
terface is crucial for many geochemical processes like the
mineral weathering or the transport of elements in the en-
vironment (Stumm and Morgan 1996). In order to under-
stand these important environmental phenomena one should
realize that the adsorption of ions onto mineral surface is
a key step. Due to ion adsorption and ionization of reac-
tive surface groups the oxides gain a surface charge, whose
sign and magnitude depends mainly on bulk pH, although
the type and concentration of electrolyte ions plays also a
significant role (Davis and Kent 1990). In order to ensure
constant ionic strength of investigated solution in laboratory
experiments one often uses simple electrolyte (1:1 salts like
NaCl or KNO3). In principle, this electrolyte should be in-
different, so that experimental results do not depend on the
salt type. However in practice, the influence of electrolyte
on experimental data was frequently reported (Kosmulski
2002).
To correctly describe the charge formation on oxide sur-
face being in contact with the electrolyte solution the sur-
face complexation model (SCM) was developed (Yates et al.
1974; Davis et al. 1978). In SCM we typically define a few
surface reactions responsible for the surface charging. Ad-
ditionally, we assume that charge distribution across the in-
terface can be conceptually replaced by the set of layers. Fi-
nally, we get the model like 2-pK Triple Layer Model (2-pK
TLM).
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In order to generalize the results obtained for various ox-
ides in different salt solutions and predict the behaviour of
the systems which had not been investigated so far, Sverjen-
sky developed a predictive model of oxide surface charg-
ing based on crystal chemical and Born solvation theory
(Sverjensky 2005). In this model the logarithms of equilib-
rium constants for surface reactions depend linearly on the
reciprocal of the solid dielectric constant (solvation contri-
bution) and the Pauling bond strength per angstrom (electro-
static contribution) (Sverjensky 1994). The coefficient val-
ues in these linear free energy relationship (LFER) equations
can be determined by analyzing many sets of potentiomet-
ric titration data obtained for the different oxides in various
electrolytes (this is model calibration step). As a final re-
sult Sverjensky obtained the set of equations from which he
could calculate the thermodynamic parameters for a given
oxide/electrolyte system even if the system had never been
studied experimentally.
Sverjensky’s model was based on earlier works of James
and Healy (energy of solvation) (James and Healy 1972) and
Yoon et al. (electrostatic interactions) (Yoon et al. 1979). Its
recent, revised version from 2005 which is used in this paper
evolved from original papers published in the 90s (Sverjen-
sky 1994; Sverjensky and Sahai 1996; Sahai and Sverjensky
1997b, 1997a). In the last version the new method for pre-
diction of e.d.l. capacitance was included and a new defini-
tion of standard state was systematically applied.
Surface complexation models (1-pK, 2-pK, MUSIC) dif-
fer about surface protonation mechanism but all assume
binding of electrolyte ions at oxide surface. The values
of protonation constants are constrained by some relations
(e.g. dependence on PZC) or even can be determined a pri-
ori (MUSIC) (Hiemstra and van Riemsdijk 1991; Hiemstra
et al. 1996). Adsorption constants of electrolyte ions are
treated as freely adjustable parameters. For the given ox-
ide/electrolyte solution system we obtain different values of
electrolyte ions adsorption constants predicted by various
models. Let’s assume for example that one model predicts
that sodium ions adsorbs onto given oxide slightly stronger
than potassium ions. The question is if we obtain the same
sequence applying another SCM? To check this we have
chosen two models (2-pK and 1-pK) and used the parameter
database for 2-pK TLM developed by Sverjensky (2005).
In our earlier paper we have transfered the parameters
values obtained for the 2-pK TLM to the simpler 1-pK Triple
Layer Model (1-pK TLM) (Piasecki 2006). It is worth men-
tioning that so far we have transferred the parameters for
a limited range of oxides and electrolytes solutions cho-
sen from the original paper (Sverjensky 2005). We chose
8 oxides (Fe3O4, α – MnO2, α – TiO2, β – TiO2, Fe2O3,
α – Al2O3, γ – Al2O3, Al(OH)3), and 4 cations and 4 an-
ions: Li+, Na+, K+, Cs+, Cl−, I−, NO−3 , ClO
−
4 (there were
4 salts: LiNO3, NaCl, KI, CsClO4) for which parameter
values were predicted by Sverjensky. In fact we could also
choose different salts interchanging the cations and the an-
ions (e.g. LiCl, NaClO4, KNO3, CsI). Such interchange of
ions does not influence on the determined parameter values
for the 1-pK TLM.
In the current study we would like to transfer the parame-
ter values for three additional ions: rubidium, fluoride and
bromide (Rb+, F−, Br−). We need these ions to compare the
adsorption affinities of the alkali metal cations (Li+, Na+,
K+, Rb+, Cs+) and halide anions (F−, Cl−, Br−, I−) for
different oxides.
The adsorption constants of simple ions are closely re-
lated with the popular in colloid science Hofmeister series
(lyotropic series) (Lyklema 2009). “Hofmeister series ranks
the relative influence of ions on the physical behavior of
wide variety of aqueous processes ranging from colloid as-
sembly to protein folding” (Zhang and Cremer 2006). In this
paper we would like to determine the Hofmeister series for
alkali metal cations and halide anions for various metal ox-
ides by using the 1-pK TLM and check whether the parame-
ter transfer from 2-pK TLM to 1-pK TLM can change the
Hofmeister series.
2 Theory
In Fig. 1 we present a schematic diagram of the ox-
ide/electrolyte solution interface according to the 2-pK and
1-pK Triple Layer Models.
In the 2-pK TLM the following surface reactions occur at
metal oxide/electrolyte solution interface:




































The first two equations (1a), (1b) describe a proton as-
sociation and dissociation on surface hydroxyl group SOH,
and the last two (1c), (1d) describe electrolyte ions binding
to the surface. The appropriate equilibrium constant is as-
signed to each reaction.
In the case of the 1-pK Triple Layer Model (1-pK TLM)
we distinguish only one surface reaction responsible for the
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Fig. 1 Schematic diagram of the Triple Layer Model (TLM) struc-
ture with the surface species for the 2-pK and the 1-pK protonation
approach. In the figure three planes can be distinguished: the surface
plane (0), the plane of adsorbed electrolyte ions (β), and the plane be-
ing onset of diffuse layer (d). ψ denotes electric potential and δ charge
located in individual planes. c1 stands for the inner-layer capacitance
and c2 is the outer-layer capacitance. In this paper we assume that elec-












































In the above equations ψ0 denotes the surface potential;
ψβ is the mean potential at the plane where electrolyte ions
are located; aH, aC, and aA are the bulk activities of protons,
and electrolyte cations and anions, respectively. The surface
concentration of adsorption complexes is expressed by us-
ing the surface coverages: θ0, θ+, θC, θA. Exponential fac-
tors in (1), (2) account for the presence of electrical field at
the interface. The ion concentration profile in electric field
is given by Boltzmann distribution ax = abulk exp{− zeψxkT },
where z is an ion charge.
Additionally, in the Triple Layer Model the distribution
of electric charge at the interface is approximated by two ca-
pacitors connected in series, so one can express the relation
between the charges and the potentials within the interface
as (see Fig. 1),
c1 = δ0
ψ0 − ψβ and c2 =
−δd
ψβ − ψd (3)
where c1 and c2 denote the inner-layer and outer-layer ca-
pacitance, respectively.
The equations for the 2-pK TLM or the 1-pK TLM can
be solved numerically for assumed values of the equilibrium
constants and capacitances defined in (1)–(3). We can calcu-
late surface coverages of the adsorbed species, as well as the
surface charge and potential as a function of pH. Finally, we
can compare the model predictions with the experimental
data or with the another model estimations.
3 Results and discussion
The 1-pK model is the simplest approach describing the
surface charging of oxides in aqueous solutions however it
sometimes gives unsatisfactory results. In the case of sil-
ica or quartz the protonation mechanism of the oxides can
not be properly describe by the 1-pK model because the re-
action responsible for surface charging of these oxides is
the dissociation of protons from silanol groups (>SiOH →
>SiO−+ H+) (Hiemstra and van Riemsdijk 1991). There-
fore the 2-pK model gives much better description of sili-
con oxide charging than the 1-pK model. But even applying
the 2-pK model it is hard to precisely determine equilibrium
constant of electrolyte anion adsorption because charging
curve of silica can practically be measured for pH > PZC,
where anions are weakly adsorbed. So, we have decided to
exclude silica and quartz from our study. This drawback is
the price for the application of the 1-pK model—the sim-
plest and general protonation mechanism available for metal
oxides.
In this place it must be stressed that there are no problems
in analyzing of silicon oxide charging by using Sverjensky’s
approach (where the 2-pK protonation mechanism was as-
sumed). Additionally, this approach explains the anomalous
position of silica on the surface acidity versus aqueous acid-
ity correlation observed for metal oxides (Sahai 2002).
In order to increase the credibility of our results Sverjen-
sky’s method of predicting the oxide surface charge should
be experimentally validated for the systems which have not
been studied yet. However, we have not heard that somebody
has published a paper which could considerably challenge
Sverjensky’s results. The parameter values obtained by him
can not be treated as “final and true”—this is an approxima-
tion which is based on reliable thermodynamic framework.
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Table 1 Parameters values
used in calculations for different
oxides and RbBr solution.
Parameters for the 2-pK TLM
was taken from Sverjensky
(2005). Parameters for the 1-pK
model was determined in this
study (LogK1C, LogK1A)
Oxide PZC LogK1 LogK2 c1 LogK2C LogK2A LogK1C LogK1A
Fe3O4 7.4 4.6 10.3 1.03 3.1 2.8 0.5 0.3
α – MnO2 5 1.8 8.2 1.03 2.7 2.8 −0.1 0.0
α – TiO2 5.4 2.3 8.6 1.03 2.7 2.8 −0.1 0.0
β – TiO2 6 2.8 9.2 1.03 2.6 2.4 −0.2 −0.4
Fe2O3 9.5 6.8 12.3 0.90 2.7 2.1 0.2 −0.3
α – Al2O3 9.4 6.6 12.2 1.07 2.9 2.7 0.4 0.3
γ – Al2O3 8.6 5.6 11.5 1.07 2.9 2.7 0.3 0.1
Al(OH)3 9.8 7 12.6 0.65 2.8 2.5 0.3 0.1
Table 2 Parameters values
used in calculations for different
oxides and NaF solution.
Parameters for the 2-pK TLM
was taken from Sverjensky
(2005). Parameters for the 1-pK
model was determined in this
study (Log K1A)
Oxide PZC LogK1 LogK2 c1 LogK2C LogK2A LogK1C LogK1A
Fe3O4 7.4 4.6 10.3 1.31 3.4 5.0 0.85 2.45
α – MnO2 5 1.8 8.2 1.31 2.8 5.0 −0.05 2.1
α – TiO2 5.4 2.3 8.6 1.31 2.8 4.9 −0.05 2.1
β – TiO2 6 2.8 9.2 1.31 2.5 4.3 −0.3 1.4
Fe2Ob3 9.5 6.8 12.3 1.13 2.6 4.0 0.1 1.65
α – Al2O3 9.4 6.6 12.2 0.99 3 4.8 0.45 2.35
γ – Al2O3 8.6 5.6 11.5 0.99 3 4.8 0.4 2.1
Al(OH)3 9.8 7 12.6 0.6 2.9 4.6 0.4 2.1
In our recent paper (Piasecki 2006) we have proposed
the method for parameter transfer from the 2-pK TLM to
the 1-pK TLM. Instead of re-fit original experimental data
we have tried to reproduce the results given by the 2-pK
TLM with the parameter values published by Sverjensky
(2005). To fit the output of both models we have used the
trial and error method and visual control of results. In this
case it is simple but very efficient method because we try
to overlap two lines (e.g. two surface charge curves) instead
of fitting theoretical curve to experimental data points. Us-
ing the computer program written by us we could calculate
and visualize the proton surface charge, electrokinetic po-
tential, and adsorption isotherms of electrolyte ions as pH
functions.
The parameter values used in the calculations were col-
lected in Tables 1–2. All the calculations were performed
for the electrolyte concentration equal to 0.01 mol/dm3.
For different values of ionic strength (e.g. 0.1 mol/dm3 or
0.001 mol/dm3) we have obtained the similar fit quality. It
was assumed that the inner-layer capacitance c1 should have
the same value for the both models, which is justified be-
cause the e.d.l. capacitance depends only on the type of ox-
ide and electrolyte. Additionally, the outer-layer capacitance
c2 was assumed to be constant in the all calculations and the
standard literature value was used (c2 = 0.2 F/m2).
The proton adsorption constants logK1, logK2, and
logK+ are related with PZC (point of zero charge, i.e. pH
for which oxide surface charge is equal to zero):
PZC = 1
2
(logK1 + logK2) (4a)
PZC = logK+ (4b)
In our calculations we used the definition of the stan-
dard state for sorption sites and sorbate species proposed
by Sverjensky to make the parameter values independent
of the oxide sample properties (Sverjensky 2003). We used
the standard state sorbate species site density Nst = 10 ×
1018 sites/m2 and the standard state BET surface area Ast =
10 m2/g.
We limit the fitting degrees of freedom to only two pa-
rameters: LogK1C and LogK1A. These parameters describe
the cation and anion adsorption strength on the negatively
and positively charged surface sites, respectively.
In Fig. 2 the results of applied fitting procedure were
shown. Because the performance of fitting procedure is sim-
ilar in each case, we only illustrated it for the α – TiO2/RbBr
system. In fitting process we focused only on the surface
charge density and the adsorption isotherms of electrolyte
ions. We can see that the fit quality is very good in this case.
The electrokinetic potential given by the 1-pK approach is
generally higher than the one predicted by the 2-pK model
if we use the same value of outer-layer capacitance c2. The
value of c2 affects significantly the electrokinetic potential,
and can be used as the ζ -potential adjustable parameter. The
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Fig. 2 Fitting of results given
by the 2-pK TLM for
α – TiO2/RbBr system with the
1-pK TLM. (A) surface charge
density, (C) electrolyte ions
adsorption isotherms,
(B) electrokinetic potential
given here as reference. Dashed
lines were generated by using
the 2-pK TLM. Solid lines are
best-fit obtained by using the
1-pK TLM. The parameters
values are given in Table 1
calculated surface charge and ion adsorption isotherms are
practically insensitive to the changes in c2.
In Tables 1 and 2 we present the parameter values used
in our calculations for two salts RbBr and NaF. The parame-
ter values for Na+ ion were taken from our previous paper
(Piasecki 2006). In Table 3 we have collected the adsorption
constant values for the all alkali metal cations and halide an-
ions determined by using the 1-pK TLM. These data have
also been shown in Figs. 3 and 4. In these Figures we can
easy follow the adsorption affinities of ions for different ox-
ides.
The adsorption constant values for alkali metal cations
lie in the range from −0.5 to 1.5. For each oxide the highest
value of the adsorption constant was obtained for the lithium
ion (its value changes from 0.0 to 1.5). For a given oxide the
adsorption constants for Na+, K+, Rb+, Cs+ are compara-
ble (with a few exceptions like K+ on α – TiO2).
The adsorption constants for halide anions predicted by
1-pK TLM behave in different fashion. The values of an-
ion adsorption constants lie in the range from −0.6 to 2.5.
The fluoride anion has the strongest adsorption affinity for
each oxide among all considered anions. On the other hand
the chloride ion exhibits the weakest affinity for each ox-
ide among all considered anions. The iodine ion has higher
adsorption affinity than Br− and Cl− ions. It is noteworthy
that the affinity sequences for each oxide are parallel to each
other.
In Figs. 5 and 6 we depicted the adsorption constants for
alkali cations and halide anions determined by Sverjensky
for the 2-pK TLM. It is obvious that the transition from 2-pK
TLM to 1-pK TLM does not change adsorption sequence for
given oxide. The both models are nonlinear so the relations
between their parameters are not straightforward and can not
be predicted a priori.
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Table 3 The values of
adsorption constants of alkali
metal cations and halide anions
on different oxides determined
by using 1-pK TLM in this
study and in our previous paper
(Piasecki 2006)
Oxide LogK1C LogK1A
Li+ Na+ K+ Rb+ Cs+ F− Cl− Br− I−
Fe3O4 1.5 0.85 0.5 0.5 0.4 2.45 0.25 0.3 1.0
α – MnO2 0.5 −0.05 −0.2 −0.1 −0.1 2.45 −0.25 0.0 0.6
α – TiO2 0.5 −0.05 −0.5 −0.1 −0.2 2.1 −0.15 0.0 0.7
β – TiO2 0.0 −0.3 −0.45 −0.2 −0.3 1.4 −0.6 −0.4 0.35
Fe2O3 0.5 0.1 0.1 0.2 0.3 1.65 −0.35 −0.3 0.55
α – Al2O3 1.05 0.45 0.45 0.4 0.4 2.35 0.15 0.3 1.1
γ – Al2O3 1.0 0.4 0.3 0.3 0.3 2.1 −0.05 0.1 0.85
Al(OH)3 0.85 0.4 0.3 0.3 0.4 2.1 −0.05 0.1 0.85
Fig. 3 Adsorption constants of
alkali metals cations for
different oxides determined by
using the 1-pK TLM
According to Sverjensky the dielectric constant of solid is
a key factor which determines the adsorption affinity of elec-
trolyte ions (Sverjensky 2005). For oxides with high dielec-
tric constant (like rutile), adsorption equilibrium constants
of cations should increase in the sequence Cs+ < Rb+ <
K+ < Na+ < Li+ (i.e. the affinity increases with decreas-
ing crystallographic ion radius—this is so-called indirect
Hofmeister series). For titanium oxides the same sequence
was also obtained by Bourikas et al. (2001). In contrast, for
oxides with low dielectric constant (like silica), adsorption
affinity increases in the opposite direction Li+ < Na+ <
K+ < Rb+ < Cs+ (this is direct Hofmeister series). For
oxides with intermediated equilibrium constants (like alu-
minium and iron oxides) alkali metal cations should adsorb
in similar extent.
Different approach was used by Rahnemaie et al. who
traced the location of electrolyte ions on goethite/solution
interface by using the CD-MUSIC (Charge Distribution
Multi-Site Complexation Model) (Rahnemaie et al. 2006).
They found that Cl− ions are relatively close to the surface,
Li+, Na+, NO−3 , ClO
−
4 ions are located in the intermediate
positions, and K+, Rb+, Cs+ cations are farthest from the
surface.
Johnson et al. (1999) who used an electroacoustic tech-
nique to study the binding of monovalent ions on α-alumina
obtained the following sequence for the cations: Li+ >
Na+ > K+ ≈ Cs+. They also found that the anions Br−,
Cl−, I−, and NO−3 adsorb in very similar extend. From our
results it follows that sodium, potassium and caesium have
very similar affinities to α-alumina, and I− ion has higher
affinity than Br− and Cl− ions.
Sahai (2000) who analyzed adsorption enthalpies of
electrolyte ions on oxide surfaces found that exother-
micity of the cation adsorption enthalpies increased as
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Fig. 4 Adsorption constants of
halide anions for different
oxides determined by using the
1-pK TLM
Fig. 5 Adsorption constants of
alkali metals cations for
different oxides determined by
Sverjensky for the 2-pK TLM
(data from Table 6 in Sverjensky
2005)
Cs+ < Rb+ < K+ < Na+ < Li+ for all oxides except
quartz and amorphous SiO2 where reversed trend was ob-
served. For enthalpies of anion adsorption, exothermicity
increased as I− < Br− < Cl− < F− for all oxides exclud-
ing again quartz and silica. However Sahai and Sverjensky
analyses were based on the same theoretical background
also other observations confirm their findings (Lyklema
2009).
Lyklema gave simple expalanation of Hofmeister series
(Lyklema 2009). He wrote: “The evidence collected so far
appears in line with the trend that small (unhydrated) ions
prefer small (unhydrated) sites whereas big ions prefer big
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Fig. 6 Adsorption constants of
halide anions for different
oxides determined by
Sverjensky for the 2-pK TLM
(data from Table 7 in Sverjensky
2005)
adsorption sites”. He called the above rule “Like seeks
Like”. This is also know as the empirical law of matching
water affinities (Collins et al. 2007) and was confirmed by
ab initio calculations which showed that small cations prefer
small charged headgroups (like carboxyl) and larger cations
prefer larger headgroups (like methylsulfate) (Vlachy et al.
2009).
Recent experimental and theoretical studies indicate that
the dominant forces acting on ions in water are short range
chemical forces and long range electrical fields generated
by ions in solution are weaker than water-water interactions
(Collins et al. 2007). So the models of ion solvation based
on macroscopic dielectric constant (e.g. Born model) over-
estimate the role of electrostatic interaction in electrolyte so-
lution.
According to Zhang and Cremer the Hofmeister effect
is a manifestation of the direct interactions of the ions and
a macromolecule as well as interactions of ions and waters
molecules from the first hydration shell of macromolecule
(Zhang and Cremer 2006).
Kosmulski discovered the differentiating effect of small
cations in the shift of the isoelectric point of oxides at high
ionic strengths (Kosmulski 2002). At high concentration of
electrolyte the importance of the ion-ion and ion-solvent in-
teractions increases considerably, so in such conditions the
electrolyte cations and anions cannot be treated indepen-
dently what was assumed in our investigations (however our
study was limited to rather low concentration of electrolyte).
Schwierz et al. (2010) investigated the role of surface
polarity and surface charge on anionic Hofmeister series.
They used explicit-solvent MD simulations and Poisson-
Boltzmann theory of e.d.l. to calculate ionic distribution at
surfaces of different polarity and charge. They obtained the
direct anionic Hofmeister series for negatively charged hy-
drophobic surfaces and positive hydrophylic surfaces. The
reversed Hofmeister series were obtained for positive non-
polar surfaces and negative polar surfaces.
Parsons et al. (2010) took into account nonelectrostatic
ion-surface potential and hydration of ions to determine the
Hofmeister series for alkali ions at alumina and silica sur-
faces. They obtained the direct series for silica and the indi-
rect series for alumina.
It is obvious from the above discussion that the origin of
Hofmeister series can not be fully explained by mechanistic
models like the 1-pK TLM. Nevertheless, in this paper we
have shown that two different surface complexation models
predict the same sequence of monovalent ion affinities.
4 Summary
Based on the parameter values published by Sverjensky for
the 2-pK TLM we have predicted the adsorption constants
for three monovalent ions (Rb+, F−, Br−) by using the 1-pK
TLM. Applying these predicted values along with the para-
meter values determined in our earlier paper we were able
to compare the adsorption constants of alkali metal cations
and halide anions. The order of ions in the Hofmeister series
for alkali metal cations (Cs+ ≈ Rb+ ≈ K+ < Na+ < Li+)
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is in agreement with the earlier findings, but the sequence
for halide anions (F−  Cl− ≈ Br− < I−) is intriguing and
surprisingly reproduces for each analyzed oxide. The anion
adsorption on oxides seems to be less understood than the
cation adsorption.
Surface complexation models can not explain the origin
of lyotropic series for metal oxides, however these series
seem to be invariable when we change one model to another
(at least for the 1-pK and 2-pK models). The differences in
the mechanism of cation and anion adsorption on oxides will
be studied using molecular dynamics simulations in our fu-
ture work.
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